Abstract Chemical vapor deposition-tungsten (CVD-W) coating covering the surface of the plasma facing component (PFC) is an effective method to implement the tungsten material as plasma facing material (PFM) in fusion devices. Residual thermal stress in CVD-W coating due to thermal mismatch between coating and substrate was successfully simulated by using a finite element method (ANSYS 10.0 code). The deposition parametric effects, i.e., coating thickness and deposition temperature, and interlayer were investigated to get a description of the residual thermal stress in the CVD-W coating-substrate system. And the influence of the substrate materials on the generation of residual thermal stress in the CVD-W coating was analyzed with respect to the CVD-W coating application as PFM. This analysis is beneficial for the preparation and application of CVD-W coating.
Introduction
Chemical vapor deposition-tungsten (CVD-W) coating that covers the surface of plasma facing components (PFC) is considered as an effective way to utilize high-Z tungsten material as plasma facing material (PFM) in fusion devices [1∼4] . The advantage of CVD-W coating is its high purity, high density, high thermal conductivity [5] , possibility of in-situ repair [6] , etc. Thermal fatigue tests on these coatings have shown excellent properties under fusion related thermal loading conditions [2∼4] . In addition, it has also been exposed under edge plasma loading in the TEXTOR tokamak, and thus the failure behavior has been discussed with respect to cracking formation [5] . The performance of CVD-W coating depends largely upon the stress loading history and state, i.e. residual thermal stress under no external loading during a coating deposition process [5,7∼10] and operational thermal stress under the high heat loading during operation as PFM in fusion devices [11∼13] . In particular, residual thermal stress is very common in coating or film deposition technologies, e.g., plasma spraying (PS), physical vapor deposition (PVD) and CVD [7] . It originates from the mismatch of coefficient of thermal expansion (CTE) between coating and substrate when the coating-substrate system is cooled down to room temperature from deposition temperature. Large residual thermal stress generated in CVD-W coating may lead to poor adhesion between substrate and coating [10] . Furthermore, the residual thermal stress in CVD-W coating would be superposed by the operational thermal stress caused by the heat deposition on its surface [11] . In general, the maximum residual thermal stress develops at the interface between the coating and substrate where cracks often originate [8, 9] . As a result, detaching and exfoliation of the coating would occur under fusion heat deposition [10] . Therefore, evaluation of residual thermal stress is an essential aspect of coating preparation and increasingly becomes a matter of great importance for the performance of CVD-W coating applied as PFM.
In this study, residual thermal stress in CVD-W coating was successfully simulated using a finite element method (ANSYS 10.0 code). The influence of the coating thickness, deposition temperature, interlayer and substrate materials on the distribution of residual thermal stress in CVD-W coating was analyzed. This work aims to achieve the distribution of residual thermal stress in CVD-W coating and provide guidance for the processing of CVD-W coating as PFM.
Analysis details

Material properties
The mechanical properties of the coating, interlayer and substrate materials [10,14∼16] for finite element analysis (FEA) are listed in Table 1 . In FEA, the values of properties all at room temperature were used for simplification. 
Model and analysis details
To simulate the residual thermal stress in the CVD-W coating-substrate system, a 3D cylindrical solid model and a 2D plane analytical model with axissymmetry option were considered, as shown in Fig. 1(a) and (b), respectively. The diameter and thickness of the cylindrical substrate were fixed at 40 mm and 5 mm, respectively. To investigate the influence of the coating thickness on residual thermal stress generation in CVD-W coating, the coating thickness was changed from 0.2 mm to 0.8 mm. Such coating thickness is larger than that reported in similar work [9, 10] , because the extreme operation conditions of PFMs in a fusion device need appropriate thickness to withstand the cyclic plasma erosion. An eight-node structural element plane 42 was used to model the CVD-W coating on substrates, i.e., Cu, CuCrZr, SS, Mo and graphite, etc. The analytical model was meshed for the FEA model with mapped meshing using the quadrilateral-shaped elements. And fine meshing was performed through the thickness. Especially, the meshing size near the coating-substrate interface was refined to an ultra-fine size, because this area was under very a high stress concentration. The left side of the FEA model used as the symmetric axis was restricted at the x axis (x = 0, U x = 0) and the vertical displacement was constrained at the left bottom coordinate origin (x = 0, y = 0, U y = 0). All other edges were free so that bending was permitted during the cooling process, as shown in Fig. 1(c) . The residual thermal stress in the coating-substrate system would be produced by loading the uniform deposition temperature as the initial temperature and room temperature as the final temperature on the FEA model. The following conditions were assumed: (a) that the coating, interlayer, and substrate materials were both isotropic and linearly elastic; (b) that the coating and substrate were perfectly bonded at the interface; (c) that a uniform temperature was established in the body before and after cooling without any transient effects; and (d) that the coating and substrate were in a stress free state at the deposition temperature. 3 Results and discussion
Coating thickness
CVD-W coating directly deposited on heat sink materials, i.e., copper or copper alloys, is an attractive choice for the application of CVD-W coating as PFM in fusion devices [5] . So copper was chosen as the substrate to analyze the influence of the coating thickness, deposition temperature and interlayer on the distribution of residual thermal stress in CVD-W coating. During FEA, an analytical formula [10] was used for numerical calculation to discuss the feasibility of the finite element model. The analytical formula for calculation of residual thermal stress in thin coating and simple planar geometry is applicable to the situation where the coating is very thin compared with the substrate
where E ef is the effective Young's modulus of coating, E es is effective Young's modulus of substrate, E f is Young's modulus of coating, E s is Young's modulus of substrate, ν f is Poisson's ratio of coating, ν s is Poisson's ratio of substrate, a f is CT E of coating, α s is CT E of substrate, T d is deposition temperature, T r is room temperature, h is thickness of coating and H is thickness of substrate, respectively. The distribution of residual thermal stress in the coating-substrate system is not well-proportioned, but the maximum von mises stress is found in CVD-W coating near the coating-substrate interface. The variation in residual thermal stress (i.e., maximum von mises stress) derived from both formula (1) and the FEA simulation versus the coating thickness is given in Fig. 2 . The outcome curve of the analytical formula and the FEA curve diverge for a coating thickness larger than 0.4 mm. However, very good agreement at thinner thicknesses, manifested by the overlap for the two curves in this region, demonstrates the effectiveness of the model for calculation of residual thermal stress in such a coating-substrate system. It is interesting to note that the variation in residual thermal stress by FEA simulation seems to saturate, and even slightly increases when the coating thickness is over 0.4 mm. The fact that this does not agree with the numerical calculation is unsurprising because, as mentioned above, formula (1) for the stress calculation is only suitable for the situation where the coating is very thin compared with the substrate. Therefore, the result for the finite element simulation is more reasonable for the situation where the coating is relatively thick compared with the substrate. Moreover, it is possible to predict an increase in stress when the coating thickness is very thick compared with the substrate from the formula if the previous layers of coating are assumed as a new substrate. The radial, axial and shear stress components also change rapidly with an increasing coating thickness and then tend to saturate after the thickness is over 0.4 mm (see Fig. 3 ), corresponding to the change in von mises stress. With the increasing coating thickness, the radial stress decreases while axial and shear stress increase, which illustrates the relaxation effect of the radial stress by means of increasing the coating thickness. These results imply that a critical promising coating thickness exists in such a coating-substrate system. To obtain a precise value, the complex shapes of PFCs as well as the engineering cooling system should be taken into account in the future.
Deposition temperature
Deposition temperature, a key deposition parameter, affects the coating quality and properties in CVD-W coating preparation [17∼19] . To study the influence of the deposition temperature on the residual thermal stress in CVD-W coating, the deposition temperature is changed from 400 o C to 800 o C, while other parameters are fixed to be constant. The variation in residual thermal stress generated in CVD-W coatings on copper substrate as a function of the deposition temperature Fig.3 Distribution of stress components, i.e., radial, axial and shear stress through the coating thickness is given in Fig. 4 . It is observed that the residual thermal stress increases linearly with the elevation of the deposition temperature. Such a monotonous increasing relationship is attributed to the increase of the thermal gradient occurring during the deposition process, which is easily obtained from formula (1) if the CT E is independent of the temperature. That is to say, smaller residual thermal stresses within CVD-W coating can be obtained at a lower deposition temperature. Consequently, tungsten fluoride would be a better choice of precursor for the CVD-W coating compared with the tungsten chloride, owing to the relatively lower deposition temperature of tungsten fluoride [18, 19] . However, MA et al. reported the increasing effect of the substrate temperature on the deposition speed in their experimental work [17] . Thus, balancing the residual thermal stress mitigation and deposition speed is the focus of the future effort to obtain a promising deposition temperature. Fig.4 Residual thermal stress distribution with the evolution of deposition temperature
Effect of interlayer
The above results show the substantial residual thermal stress in CVD-W coating, though optimization of the deposition parameters can obtain a possible reduction in the residual thermal stress. Thus, a large amount of efforts, such as the introduction of a transitional interlayer [13, 14, 20] and functionally gradient structures [5, 21] have been performed during both experiments and numerical simulations to alleviate the residual thermal stress. In the previous work, a thin Ti coating (0.2 mm), with an intermediate CT E between those of W and Cu, and a high compliance, was chosen as the transition interlayer to investigate the influence of an interlayer from the aspects of experiments [14] . It was also selected as the transition interlayer in this study with regard to its mechanical effect. The simulated results show that the maximum residual thermal stress decreases from 2.58 GPa to 2.29 GPa, demonstrating the reduction in stress enabled by means of introducing a Ti interlayer. Since the residual stress is caused due to the thermal mismatch between coating and substrate material, the resultant smooth transition of the CT E from the copper substrate to the W coating may be considered as the possible reason for the reduction of the residual thermal stress [8∼10,22] . In addition, such decrease can be amplified with the increase of interlayer thickness.
The shear stress component is recognized as a key aspect to evaluate the adhesive strength of coatings [23] . The distribution of the shear stress component through the thickness from substrate to coating with and without a transition interlayer is presented in Fig. 5 . The shear stress exhibits tensile stress and significant singularity at the interface, and is evidently mitigated by the Ti interlayer. Therefore, the reduction in the tensile shear stress at the interface acts to enhance adhesion between the coating and substrate. Mechanically, the Ti interlayer acting as a soft flexible interlayer stops the propagation of cracks at the interface, which can be effectively explained by the reduction in the tensile shear stress. 
Substrate materials
Deposition of W-coating on other materials, e.g., stainless steel (SS), graphite, molybdenum (Mo) and CuZrCr alloy [4, 16, 24, 25] , is also an alternative way to utilize the W-coating as PFM. The influence of substrate materials on the residual thermal stress in CVD-W coating is discussed in this part. Fig. 6 shows a comparison of resultant residual thermal stress in CVD-W coating on different substrate materials. It is found that Mo as the substrate can obtain minimal stress in CVD-W coating. Due to the similar structure and identical properties of W and Mo, the induced residual thermal stress in W-coating on Mo substrate is not substantial. Chemically, mutual diffusion mixing of elements [18] forming a broad interface between the W coating and Mo substrate is beneficial for better adhesion. And the residual thermal stress in CVD-W coating on Mo substrate (∼0.38 GPa) is below the yield strength (∼1.36 GPa) of the W, while the reverse is true on other substrates. So, plastic yield and permanent deformation would occur on CVD-W coating on other candidate substrate materials. As a result, it would be easily damaged by following the heat load during operation in a fusion device [26] . In the upcoming inner component alteration of the EAST tokamak, the Mo tiles will be used as transitional PFM for the primary first wall except the divertor area, to be updated to high Z PFM from low Z graphite tiles [27, 28] . Thus, to provide a thin CVD-W layer on the Mo tile may be a convenient way to realize full W primary wall. However, for the divertor target, such convenience would be limited due to the extreme conditions, especially the high heat load [28] . Such a simple model only considers the residual thermal stress during the deposition process. For an indepth investigation on the performance of the CVD-W coating application as PFM, the operational thermal stress induced by the heat deposition as well as the detail structure of PFCs should be taken into account in the future. 
Conclusions
The finite element method (ANSYS code) was applied to the simulation of the residual thermal stress in a CVD-W coating-substrate system. The feasibility and reasonability were identified by comparing the FEA outcome with the analytical formula in the case of a thinner coating thickness compared with that of the substrate. The influence of the coating thickness, deposition temperature, interlayer and substrate materials on the generation of residual thermal stress in CVD-W coating was discussed with respect to coating processing and application. The results are summarized as follows:
a. The critical coating thickness exists in the CVD-W coating-substrate system for the minimal residual thermal stress;
b. Tungsten fluoride would be a better choice of precursor for the CVD-W coating compared with the tungsten chloride, owing to its relatively low deposition temperature;
c. The reduction in tensile shear stress at the interface demonstrates the mitigation effect of the transition interlayer in such a coating-substrate system; d. Deposition on the Mo substrate is a proper alternative method for the application of CVD-W coating as PFM. Placing a thin W coating on the Mo tile would be a convenient and economical way to realize full W primary wall of EAST.
All these results are beneficial for the deposition and application of CVD-W coating as PFM.
